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‘1’urbulcncc in mo]ccular  clouds is well rccogllizcd,  hut tllc  resultant clifl’usivc

t,rarlsport and its effects or] t}lc chemical  structure of the clouds IIavc Jmt l)ccll

cxtcnsivc]y  investigated. We present ill tl)is article a study of the cfT’ccts  of

turbulmt  diffusion using the mixillg-lcmgtl]  a~)proxilllation  011 tl)e chmnical

structure of a rcprcscntativc  cIark molecular cloud. With a difrusic)ll  tCrIII in tlIc

contiguity equation for cacll spec.its, wc II IOCICI tlIc tilllc-(lcl)cr~dc~)t,  gas-pllasc

chcInistry in a dcIIsc molccu]ar  cloud  w i t h  flxccl  dcl)sity  and ter])pcrature

profiles. We estimate the diffusion cociTicic~lt  hascd  on tllc  observed turbulcmc.c

iII Jnolccula.r  clouc]s, ancl  filIc{  that diflusive  processes sigl)ificant]y  moclify the

prcciicted chemical abundances in the dcj]sc irltcriors  of Inolccu]ar  clouds,

illc.rcasing  the abunda.nc.cx for C aI)d C’ a~ld most  cajl)oI)-l)caIillg  spccics  and

]owcril)g  the abundances for SOJIIe otl)er s}wcies  such as 1120 and oz. ‘1’]ICSC

results, which can  bc explained i]~ tl]c  c.o]ltext of the existing ioll-ncwtral  reaction

scheme in terms of ckct?on  abunda]]cc!  cha]+y!s due 10 diffusio]], appear to agrcw

with observations,

Suhjcci  h e a d i n g s :  i n t e r s t e l l a r :  abunda)lces  - illtmstcllar:  nlolccu]cs
turbulcmcc - molcc711ar ~)roccsscs
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1, IN’I’I{OI)[JCTION

Sinm tlIc picmccrin,g work of IIcrbst & Klm]lpcrcr (1 973) 0]1 a steady-state gas-phase

chemistry model based on aIl ion-l lmtral mac.tioll scllemc , sigllifica~lt  progress has bee])

lnadc in the chemical modeling of molecular clouds  (cf. l)algarno 1987; van ])ishocck  ct

al. 1993). ‘1’hc Inosi, discussed and uti]izcd  Ilnodcls  c.ollsidcr tl)c til~~c-(lc])cl~(lcl)t  gas-p  l]asc

cllmnistry  of a ho)nogcncous  cloud w})ilc  ]nailltai])i]lg  fixed I)rofilcs of ])hysical  ])ara,lnckrs
s u c h  as tllc cloud  txmpcraturc  a]ld dcnsit,y (I)rasad  & IIul]trcss  1980 ;  J,angcr  & Gracde]

1 989; IIcrbst  & ljcung 1 989; Millar & IIcrbst 1 990). ‘1’hc c}lclnistry  i]] tllc  dense lnolccu]ar

gas is found to approach steady-state in a lnattcr  of nlillio~ls  of years or lCSS ill these Ipoclc]s,

a time scale comparable to or slnallcr  than the agc of lnolccular  clouds  (see section 3).

‘]’]~c  steady-state chcmica]  abul)dallcm  prcc]ictcd  by t]lcse  Inodc]s  with  IIorlna]  gas-phase!

C/0 ratio  (C~/0  <1 ) arc in gcllcral  suc.ccssful ill accounting  for tllc  abundances for  lnally

molecular spccics.  llowcvcr,  t}lcsc prcdictiolls  for homogcmcous  C1O U C1S clearly fail to cxplaiI)
sc)Inc observations such as t}lc observed large abundances of C (1’hillips  & 1 luggi  Ils 1981;

KCCIIC ct al 1985;  Jafle ct al 1985; Frcrking  ct al. 1989), C+ (cf. Stutzki  ct al 198$; IIowc

ct al. 1991; Staccy  et al 1993; Zhou  et al 1993),  }JzCO  (Fcdcmnan, llulltrrxs  & l’rasad

1990; l’cdcrmall  & AIIcI1 1991) ancl of coIm)lcx  organic Inolcculcs  (Ilcrbst  & l,cuIlg  1989)
i~l the cIIvclo~)cs  as WC]]  as interiors of molccula!  clcmds. ‘J’IICSC disagrccmcmts  rcprcsc]lt

s o m e  i]nportant  issues ill the field (Sorrel] 1992) that  ]]CCCI to bc rcsolvec]  in order  to

furt]lcr understand intcrstc]]ar  chcrnistry.  Mcchallislns  proposed to cx~)]aill  soIne of t,}lcsc

discrc])ancics , in particular the IaIgc “L’/C0 ratio problcm”, include illtcrnal photon

produc t ion’ ,  an abnorlna]  gas-p  lla,sc rU/0 ratio (C/0 > 1, ‘J’arafdar,  l]rasad  & }1 ulltrcss

1983; 1,allgcr  ct al. 1984), photodissociatioll  rcgiol]s  on tltc  surfaces of C 1 O U CIS or cluIIlps

(rl’iclcns & IIollcllbac}l  1 985;  Gcnzc]  ct al 1 %S8; Xlnuidzinas  et al 1 988; IIoissb  1990; ‘1’aulm

]990 ;  ‘1’aulwr  & Goldsmit})  1990; IIollc]lhacll,  ‘1’akahashi & ‘1’iclmls  1991 ), arid bistability

of high  C and low C phases (1A l~ourlot  et al 1993; h’lower et al 1994). II] addition,  givcnl

the fact that the time-dcpcndcnt models do produce enough L’ alld lnorc complex orgallic

nlo]cculcs  at an “carly-tirnc”  of N 105 yr, sixnificallt  Inodcling  efforts llavc’bccll  devoted

to ]noclc]s in which dyllarnica]  proccssc.s  are cxlwctcd to rc:gu]ate  t})c physical conditions,

kccpillg  t}lc chemistry froln  rcachi~]g steady-state and !naiJltainiIlg  such a]] “early-tilnc’ )

cllclnistry  in the apparently ]nuch  older lnolccu]ar  clouds.

Onc class of dy~lalnical  moclcls considers tllc  effects of turbulent mixillg  of lnatcrial

1 ‘]T], C ~)llo~on$ ~a)l t)c generated by shocks (NorIllan &. Silk 1980; Ilollenbach  k MCKW 1989), ~Y cos~llic
rays (1’rasad & ‘1’arafdar  1983), by young stars (Montc~ncrlc  ct al 1983; Krolik  k Kall)nan  1983) and CVCII
by ncutrino decay (rl’arafdar 1991; Sciarna  1993).
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l)ctwcen  interior  ancl exterior cloud zones, as first  suggcstccl  by ]’hillips  & IIuggins  (1 981),

and further cliscusscd  by IIolarld  &, dc Jcmg (1 982). Silni]ar  ideas were also discmsscd

by l’cdmnan  & Allen  (1 991) for tl]c  il~tcr}~rctatio]l  of the large 112C0  abulldallcc  in the

ellvclopcs  of dark clouds. Co]nputatiolls  of gas-phase cllc]nistry i~lcluding a crude transport

a})proxi]nation  were maclc by Chiim &. l’incau dcs l~or$ts (1 989; 1 990) a]ld by L(llitzc,

l’illcau  dcs For6ts & IIcrbst  (1 991), who considered two or t}lrcc parcc]s  of gas with lI)ass

cxchaugc,  mimicking the dense Tnolcc.ular  gas a~lcl the diflusc  ]J]olccular  gas, rcs]mctivc]y.

‘]’his “artificial” mixing indeed yields c}lcunical abundances in the dclisc  gas parcel which arc

closer to the observations. ‘J’hc turbulent mixing a])proac]l,  however, has been criticized by

Williams & IIartquist (1 984; 1991) based lnainly  on si]np]c  c.ollsidcrations  of the turlmlc]lt

transport tilnc-scalco ‘1’hcy argued that turbulent Inixing  is a diffusive process w}lich  is

typically slower than the chemistry. W C will show in Section 3.3 of this paper that the

real situation is more complicated thal]  tlIcy  collsidcrccl.  As pointed out by l’rasacl,  IIccrc

& ‘1’arafdar (19!31 ), onc  major  wcakllcss  ill this class of Inodcls  is the purely  cvnpirical

and non-realistic trcatmcmt  of the mixing; proccsscs. lndccd,  Chi?m,  l’incau dcs  For6ts

& IIcrbst (1 991) attempted a more sophisticated “three-stage model”, which lcacls  to the

conclusion that a continuous dc]lsity  variation would bc nccdcd  to cxp]ain  the observed

large abundances of the complex organic molcculcs,

‘J>hc second class  of dynall~ica]  mixing modcds evokes stellar wincls  ill a cluInJ)y
mo]ccular  clouds as suggested by Willialns  &, IIartquist  (1984) and Golclslnitll,  l,a.llgcr &

Wilson (1 986).  In t}lis model, stellar winds continuously erode the dense molecular clulnps,
cycle  L}IC material bctwccm tl)c  clulnp surface and  the il]tcrclulnp  lncdiurn  and keep t}lc

gas from reaching steady-state chemistry (Williatns  1986; Cllarn]cy ct al 1988;  1990). ‘1’hc
third  class of dynamical models  includes chemistry togcthm with gravitational col]a]mc (cf.

Gcrola & Glassgold  1978; ‘1’arafdar  ct al 1985;  IIrown, C h a r n l e y  & hflillar 1988; l’rasad,

IIccrc & ‘J’arafdar  1991; Rawlil]gs  ct al 1992; IIartquist  ct al 1993). ‘1’lICSC  lnodcling  efforts

also predict molccu]ar  abundances in reason ab]c  accord with observations, but solnc  of

thcm are ra the r  ~omplica,tcd  CVCI1 ul]dcr  tllc  )nost  silnplifying  assunlptiol)s.

in this paper, wc present a more systc)natic  a]q~roac.}1  to the gcmcra]  idea of turbulc]lt

transl)ort,  which in principle allows a lnorc realistic modclillg  of its effects 01) tllc chemistry

ill lnolccu]ar  clouds. Wc show that ‘Lturbulcl]t diffusion)’, wllic}l  is thcorctical]y  cxpcclxd

to acco]npany  turbulcncc,  may oflcr  a ratllcr natural cxplar)ation  to the “C/CO ratio

problcm”  in tllc context of gas-pliasc chmnistry.  With diffusion cocficimlts  co~nlncnsuratc

with observed turbulence, the steady-state abuuda)lccs  prcdic,tcd  by tllc diffusioll  cllcn]lical

lnodc]  include larger abundar]c.es  for C, C+ alld other carbon-bearing spccics  alLd smaller

abundances for 1120 and 02  ill the interior of a ll]olccu]ar  C1O U CI, and a slnoothcr  distributioll

c)f lnost  spccics across the cloud. We start with theoretical considerations of turbu]c)lt
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cliffusiwl ilI the following section. We ])rcscnt  our Inodeli]]g;  results and analysis i]] %ctio~l  3.

ScctioII  4 discusscx  the applicability of t]lc Inodc]l  arid Section 5 sulntnarizcs  our co])clusio]ts,

2 .10 ‘1’urlmlence  and l)iffusion

Onc of t]lc  well-rccoglixcd facts i]} ]Imkcular clouds  is t}Ic all])ost  ubiquitous prcscnlcc

of turbulm]c.c,  as mallifcstcd  by the broad lillc pmfilcs  of Inolccular  tracers (1’cnzias  1975).

NuInmous  theoretical and obscrvationa]  works have lmu~ carried out for u~ldcrstanding

t,urbulm~t proccxscs  ill Inolccu]ar  clouds (cf. 1 )ickl~]al]  1985; Scalo  1987; l’algarwlc  19 8 9 ;

F’algaro]]c & l’ugct  1994). in co~ltrast,  little attcxltion  has been paid to the: tra~]sport
~)roccsscw  in the I~”~ulti-c.ollll>olIcl)t  g a s  ( w i t h  n(lJ2)  bcillg  the lnajor conlpollcI]t)  il[

lnolccular  clouds which arc tlicorctically  expcctcd  to accolnpa]]y  turbulcvlcc,  ‘1’ransport of a

tra{lsfcrablc  physical quantity  ill ral)do]n,  turbulent motion is diffusive in ]Iaturc.

Now assume that the highly nol]-lillcar  turbulent process causes cac,h of tllc gas

colnpoI]cnts  to move with the same ralldoln  velocity l;. l;ccausc  tllc colnpositioll  of the gas

ill lnolccular  clouds ]nay  not bc uniforln,  such a random velocity will gcncratc fluctuations ill

tl]c  fractional abundance of a gas componctlt  (trac.cr). Unfortunately, llydrodyl]alnics  dots
]]ot llavc  all elegant theory to describe these fluctuations quarititativc]y.  ‘J’hc colnlnonly

used tool ill treating t})is physical process l]as bcml tllc  ~~l~c]lolllcllological  Inixing-lcngtl]

tllcory  (hi Ilzc 1959; l,csicur  1990). ‘J’his  empirical t}lcwry is not really ca])ablc  of describing

the tral]s})ort  lnccllallisms  of turbulcl)cc,  but it results ill a ])ractical  rclatio~lsl]ip  for so]nc

useful pl)ysica]  quarltities. ‘1’hc basic.  idea of this theory  is to characterize turbulcllcc  Ly

InaIIy lnoving  fluid parcels (or ccldics) w}iich  mailltaill physical propcrtim  diffcrwnt frol~l

tl]osc  of LIIC avcr;gc  fluid before travclilg  all average distance of 1, to again merge into the

background fluid, ‘1’hc quantity 1, is called  t})c ~IlixiIlg-length, and the turbulcllt  transport

(or diffusio]l)  is oftc~l  called eddy  transport (or eddy diffusion).

As discussed in the field of atnlo.spheric chenlistry  (Colcgrovc  1966; IIulltml  1975),

turbulent  diffusion  may bc understood as the tra.r]sport  of gases duc to turbulent ~nixillg

in the prcscncc  of colnposition  gradicllts. Assume that ?Z(112) is the IIumbcr  dcllsity  of t}lc

lnajor  compollcnt,  IJ2, i!] t}lc gas of Inolccu]ar clouds, Izi is tl)c  number density of tracer i,

and .fl = n~/7L()]z) denotes the fractiollal  abulldaJlcc  of t}lc tracer i. ‘1’hc fluctuatiol~s  ill the

fract ional  abu~ldallcc  6ji due to the turbulmlcc  cay) be ap])roximatcd  by the product of t]ic
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cmnpositicm  gradicI1t  dj’~/dz  in ihc directio]]  z all(t t h e  Inixirlg-lc]]gtll  1,,

(1)

‘J’lIc  ]vA transport flux of the tracm i ill the z direction call bc writtcll  as

where <> dcllotes the time average of a quantity, and tllc  diflusion  coefficient l{[cn12  s- ‘]

is dcfi TIcxl as

1{=<1{1  .>. (3)

It is clear froln  ltq. (2) tl)at turbulent  ciif~usioll  consists  of two ])arts,  OIIC duc to the

density gra.dicmt of the tram- i and tllc other duc to t}lc density gradicllt  of t}lc  Inajor  gas

c.oln}}ollcllt Jlz, rcspcctivcly.  }tquatio]l  (2) call bc rc-writtcll  a s

(4)

w h e r e  IIi = - ?zi/$~  and 11}]2 =. - n(112)/@~z~21 am tllc  dcn)sity scatc  heig]]ts  for tllc ttaccr  i
al]d 112, rcspcctivc]y,  and 11 =- 1 /(lj- - ~J~J2) ~nay bc ulldcrstoocl  as tllc  overall scale height.

‘J’his  cx])rcssicm imp]ies that the diffusion vc]ocity  for cac]l  spccics  is ?)d w k’/]~, and thus

tllc clifrusiml  tilncscalc for each species call bc writtml as T w 11/tl~  ~ }12/1{, 11 is govmlcd

by tl]c  fractional a.bu~]dancc gradiclit,  wllicll is related to the details of the chclnistry,  and

is IIi,gllly spccics-  and ~~ositioll-dc~)ellderlt  and sensitive to other cloud collditiorls  such as

tllc  ilitcl]sity of cxtcrvlal  radiation field. ‘1’bus, the diffusion time-scale T is ill gmlcral  a

cmn~)licatcd  function, which  can not bc easily quantified 01] t}lc scale of the cloud. l)ctailcd

chemical calculations arc obviously rcquirec]  to obtain the fractional abulldallcc  gradient.

W C will defer furlhcr cliscussio]ls o~l the diflusion  tixlle scale to Section 3.3 WIICI]  wc have

dollc  sue}] lluTncrical  calculations.

2.2. TIIC Turbulent I)ifTusion Coefficient,

‘1’0 quar]tify the cfrcct  of the turbulent (liffusiou in molecular clouds, we need to cstilnatc

tllc diffusion coefficient 1{. Unfortullatcly,  an accurate estimate of 1{ is llarn~mcd  IIot olIly

by tile lack of al] elcgatlt theory for turbulmicc,  but also by tl~c u]]clcar  nature of t~lrbu]cl)cc

in molcxular  clouds, Ilowcvcr, based on the observations of the turhulc~]ce  in lnolccular

clouds alld  tl~c dcfinitiol~ of K (Itq. (3)) i~] xllixil)g-lcllgt}]  ~}leory, an order-of-nlagl)itudc:
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mti]natc for K is possible. If wc coIlsidcr  tliat tllc diffusion is duc to tllc  illtcrcllallgc  of

two eddies witk average velocity Vt over a characteristic ]cng( 1] scale l,, F;q. (3) gives tllc

plausib]c  relationship 1{ N ~1,.

Relatively isolatccl  dark clouds (globules) arc tl}c  type of clouds  which mcmblc

our  ]noclcl  cloud  hcrw. For this  type of  cloud,  I~cuI)g,  Kutllcr & Mead  (1982) foul]d

that the turbulent velocity as traced by the ‘3C0 lillcwidths  scales wit,]] cloud radius as
048 It is more difllcult  to relate the ]nixillg-lc~lgth  1, to olJscrvatiollsl~(k?n  s - ‘ )  = -  o.58R(pc)  !

s ince  it is clircctly  related to the unknown IIature of the turbulmlce.  IIowcvcr, scnmral

])iccm of illforlnation  allow an order-of-lllagllitll(lc cstilnatc. l’irst,  despite larp;c  optical

depths, 12C0 lillc profiles from thmc dark clouds arc usually s]noot}l  and cm]trally-peaked,

i] Istcad  of %lf-rcwcrscd”. “1’his  propmty  has LCC]I takcll  as a direct indication) that  the

tllrbulcllcc  i~lsidc  clouds is macroturbulcl]c.c  havirlg; relatively large correlation lcvlgths

(Ilakcr 1976 ;  IIicklnan  1985; Kwall  & Salldcrs 1986). A corrclatio]l  lcllgth  of 10 pcrcmlt

of the cloud size seems to bc a reasonable requirc]ncnt  ill order to gcl)cratc lillc profi]cs

silni]ar  to tliosc observed, according to tllcse  aut,llors. A typical cloud is of a fcw parsecs

ill size, corresponding to a correlation Iclig;th  of a few tenths of a parsec. SCCOIId,  Kkincr

& ])icklnan  (1 987) applied all autocorrc]atiol]  tcclllliquc to obscrvatiollal  data for tllc dark

cloud  ‘1’MC-1  and found a correlation length of N 0.1 pc, which is indeed about 10 pcrccmt

of the cloud  size. ‘1’hus for a typical dark cloud, we Inay  assu]nc 1, =- 0.1 - 0.5 pc and

l; = 1 krn s- ‘ ,  resul t ing in 1{ N ~1, w 3 x 1022 --2 x 1023 cm2 s-l. Of course, if ol}c

tllillks  t]]at the above Vt -- 1{ relationship also holds for cacll individual cloud, tllcvl  o])e Jllay

argue  that the diffusion cocfllc,icnt  K depends 011 positiml  ill individual clouds. IIut for tllc

investigations in this paper, which rcprescmts  a first dctailcxl  trcatlncnt  of chmnistry  in a

cloud with diflusivc  transport, wc have dcc.idcd to ~lcglcct  this colnplicatio]l.

‘1’}]c turbulent mixing-length also can be cstilnatcd  froln  a different ])crspcctive. onc

school of thought interprets the turbulence ill lllolccular clouds as a lnanifcstatioll  of

hydromagnctic  w~vcs (Arons  & Max 1975; Mym & GoodlnaIl  1988; h40uschovias  1991).

IIut given  the dynamical complexity in the illtcrstcllar  mccliuln,  thmc is little rcasoll

to believe t}lat  the waves arc complctc]y  cohcrcnt  and non-interrupted.  llltcrruptcd,

noll-collcrcni  wave motion will also cause diffusive tral)sport,  whic]l lnay bc approxinlated

by tllc lnixi l lg- length tkcory.  111 this case, t}lc  mixi)lg-lcngtll  is rough]y  the wavclmlgtll  A

of the wave n~otio]l  (lluntcl~  1975), ar]d t]lus  A’ ~ VA. ‘1’hc wave velocity V is indicated

by the observed turbulent velocity ~. A lower lilllit  to the wavclcllgth  of the wave Inotio)l

call bc obtained by considering the nlini]nu]n  wavclc]lgth  for whic}l  ions and  IIeutrals  arc

closely coup]cd  together by collisions; for typical physical ccmditions  il] molccu]ar  clouds,

A,,,l,, w 0.1 PC (Arons  & Max 1975; }’udritz  & Carlbcrg 1988), in agrccmcnt with that

csLilnatcd  a.bovc. Ovcra]], wc fee] that the turbu]cnt  vc]ocity  is a qualltity  well co~lstraillm]
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by obscrvccl  spectral Iincwidt}ls,  alld  its uncertainty is relatively slnall,  On the other  llancl,

there is a larger uncertainty in LIIC cstilnatc  of K duc to our lack of detailed kllowlcdgc  of

the mixing-length. Givcll  the above a~lalysis, it is relatively safe to collc]udc  that  K is on

t,hc order of N 1023 cm2 S--l for a lnajority  of dark lno]ccular clouds.

2.3. Tile C1O U CI Model  and the Chemistry Network

in this paper wc collccntratc  011 a description of our lncthodology  and SOIIIC major

rcsu]ts  for simple molecules. Our treatlncnt  is also lilnited  to a simple cloud model. WC

dcfi]lc  our cloud to bc an isothmnal  sphere IIaving  a collstant  kinetic tclnpcraturc  of ] O K

al~d a dc]lsity  ~)rofilc  of 7211Z (T) == no~10  wlicrc  no = 8.8 x 102 cm-3 is tllc molecular hydrogcll

density at the cloud boundary TO =- 1.11 PC : 3.41 x 10]8 cm. ‘~’his to is adopicd  so that tllc

cloud has a total visual extinction of 24 ]nagllitudcs  towards the center, corrcspollding  to a

total column dcmsity  of N 2.4 x 1022 112 cm -2. ‘1’hc total mass of the cloud is A4 = 340 fi40.

‘]’hc cloud is assumed to bc subject to a typical ilitcrstellar  radiation field as discussed by

Viala (1986), but we assulnc  that the gas throughout the clo~ld has  a killctic tclnpcratl]rc

of IOK (no effort was lnadc to SOIVC for the kil~ctic tclnpcraturc  by collsidcrillg  the tllcrlnal

balance bctwccll cooling and hcatillg  proccsscs).

‘1’hc cllclnistry  ne twork  (Viala ] 986) illcludcs  87 a tomic  ancl Ino]ccular  spccics  alld

some 1100 cllclnical  reactions, illcludil)g  ])hoto-destruction proccsscs.  in this pa])cr  wc do

not collsidcr isotopic spccics.  Givml our prilnary aim to investigate t}lc  effects of turbulent

diffusion on the gas-phase chclnistry,  wc l]avc Inadc no attclnpts  to inc.ludc gas-dust

i~ltcractions  (cf. IIulcy 1989). Wc do Ilot illcludc  sulfur chemistry cxccpt  for the balance

bctwccm  S and S+ , but illtcnd  to i]lcludc  sulfur  chemistry in a future work. For the

dissociative recombination rate cocfflcicnt  of ]1~ , wc }Iavc used 1.5x 10- 7(7’/300)- 045  cm3 s- ]

(Callosa et al 1991; IIatcs, Guest & Kendall 1993). ‘1’his  rate coefficient is very C1OSC to the

lnost  rcc.cnt  value of 1,15 x 10– 7( 7 ’ / 3 0 0 )- 0” 65 c?7t3 s- ‘ (Sundstroln  ct al 1994). ‘1’hc cos]nic

ray ionization rate is taken to IJc 4 x 10-17 s-l 11~ ], but our results ill this paper arc l]ot

sensitive to its exact value within a factor of a few.

Wit}]  a trarlsport  tcrln, t h e  c.olltilJuity cquatio))s  t}lat dcscribc  a time dc~Jclldcnt

chclnistry  of a molccu]ar  cloud arc

(5)

where I’i arid I.i arc the production and loss tcrlns for tracer i. A computer program to SOIVC

the coup]cd  continuity equations, onc for c:ach spccics  other than IIc and }12, which were
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IIot allowccl  to vary,  was clcwc]opccl  for lnodclil]?;  the clmnistry  of ~Jlal~ctaly  atlnos]>hcms

(A IIcI], Yung & Waters 1981). WC }iavc utilized this cocle to I]1OCICJ  the time-dcpcndcnt

gas-phase chclnisiry  of rnolccu]ar  cloucls  with  fixed tcunpcraturc and density profi]cs,

‘1’hc initial gas-p}lasc  clcmmltal abulldallccs  used arc tabulated ill ‘J’able 1. II]itial

al)undal]ccs  for all other spccics  arc assulncd  to bc O. Wc IIavc no direct mcasurcmcnlt  of

their abundance  al~d our knowledge of tl)c  Inctal depletion ill interstellar clouds is ]lot very

good.  WC IIavc adopted a dcplctioll  fa,ctor of three orders  of magnitude for Mg, Si and J’c

in our standard mode], which is roughly’  all order of ]nagnitudc  larger depletion than that

foul)d for diffuse clouds (c,f.  ],cgcr,  Jura & orno]lt  1985;  Joseph ct a]. 1986; IIcrgill,  l,angcr

& Goldslnith  1994). Since wc have not illcludcd  sulfur chc]nistry  in our ~lctwork,  the low

abundance  used for S is based WI the lnodclillg  results that sulfur should be ]nostly  locked

up i]] sulfur ]nolccules  cvell if tllc  dcplcticm  is s]nallcr (Ilerbst  & l,cung 1989; Millar &,

IIcrbst 1990). Assuming that the cloud is relatively iso]atcd, wc require that t}lc  turbulent

diffusion fluxes #i at the boundaries be zero for all species.

W C adopt a 1-1) geometry to sinlplify  tllc radiative transfer and the turbulent diflusioll.

Wc also follow the Incthodo]ogy  of Viala (1 986) ill the trcatlllcllt  of colltinuuln  attenuation

of tllc UV radiation. We do I)ot inc]udc the 112 sc]f-s}lic]ding,  but wc take il]to account the

CO self-shielding by scaling the CO photo-dissociatioll  ra.tc by a factor at every tinlc step,
‘J’llis scali]lg  factor is csii]natcd  according to the CO self-ahorptio]l  values as calculated

and tabulated ill van l)ishocck  &, IIlack  (1 988) by lncans  of splint interpolation (cf. IIcrgin,

l,angcr & Goldslnith  1994). Our decision to avoid trcatillg  the fornlatioll  of molccula.r

hydrogen is based 01] the Inajor objcctivc of this paper to irlvcstigatc  tllc cflccts  of turbulcllt

diffusio]l  011 the chemistry of milior spccics  other than llz i~l dense mo]ccu]ar regions.

Wc calculate the chemical abu]ldanccs  at 22 grid points of diflcrcllt  radii in the cloud,

‘1’hc propmtics  of the grid poiJlts  arc listmd  in ‘J’able 2.

3 . IIIFFIJSION {;1112MIS’I’RY

3.1. Results

l“igurc  1 presents the evolution of species abundances as a function of tirnc ill the grid

point  a t  T ~ 1 x 10] 7 cm with a density n(112) Z- 3 x 104 cm -3 and  a visual cxtillctioll  of 9

lnagl)itudcs  from the boundary. ‘J’lIc solid curve SIIOWS  the cllmnistry without diffusion]], arid

t]lc  other two curves show t,hc abundance variaticnls  with two diffcrc]]t  diffusiol) cocfficicmts,

1{ = 1023 cm2 s-] a n d  1{ == 1024 cm2 S-l , rc])rcsmlting  the typical value and the upper
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lilnit  mspcctivcly.  AS this paper is intcnclcd  to i l lustrate  the cfrects  of turbulmlcc,  wc llavc

plotted m)ly some silnplc,  carbol]-bearing and tJIc oxygcll-bearil)g  spccics.  ‘1’hesc  llavc  bcml

CILOSCI1  either bccausc  they arc obscrvationally  relevant or bccausc they arc lnajor  reservoirs

of oxygcII atolns. Whi]c the abullc]ancm  for ]nost  spccics  cha]lgc  as a func,tioll of tilne,

me]) of tl]cm approaches a constant  in a fcw million ycats,  which wc call stcacly-state in

this paper. IIiflusion  leads to significant changes to tllc  ‘(steady-state” abundances of some

“diffusion-sensi t ive” species,  il]cludi~lg tl)e silnplc,  co]n]non  spccics  SUCII as C, 02, 1120,

C-II,  Czll and lIZCO. Othcr spccics,  i~lcluding  CO and 011,  arc ICSS  scllsitivc  to diffusion,

and their abundances o]~ly undergo minor lnodificatiol)s. Wit]l  strol]g  turbulent diflusioll

(cog., 1{ = 1 02 4  cm’ s- ] ), the abullclancc  of C at early-tilne (W 105 years) is cssclltially

lnaintaincd  as a steady-state value. Unlike C, the steady-state abul]dallccs of 1120 and 02

arc predicted to dccrcasc  with increasing strcngt]l  of the turbulent  diffusioI1.

l’igurc  2 displays the abundarlcc  variations at steady-state as a function of cloud

radius. Again, the solid curve is calculated wit}lout  diflusioll , arid other curves arc the

calculations for diffcrcl]t  diffusion  cocfflcicnts.  Given t}lc fact that wc did not ta.kc into

accou]]t  the self-shic]ding of 112 and assumed tllc gas has a kinetic tc~npcraturc of 10 1{

without  cxamillil]g  its thermal structure, the chc]nica]  abul]danccs  at the boundary  layers

(Au <0.5 mag or R >2.8 x 10’8 cm = 0.9 pc) arc probab]y  iIlcorrect. O u r  q u a l i t a t i v e

rcsu]ts  and conclusions arc based on the conl~misoll  between the diffusion and noll-difrusion

case.  A]) ilnportalli  effect of turbulcl]t  cliffusioli  is t}lat it slnca.rs out almost all of tllc

%ddcll’) changes in the abundance  variations as a function  of radius, resulting i]) s~noot}ler

radial profiles for almost all sl)ccics. ‘1’his  smoot}ling  is duc to the fact that difl’usio)l  tc]lds

to rcducc the gradients of tllc fractional abulldarlces. CO is relatively constant throughout

tllc cloud wit}l or without diffusion; C also can bc a very ul~iforvn  tracer of the gas under

difI’usioll.  A prcdictioll  of the diffusion lnodc]  is that atol[ls  al]d atolllic iolls SUC}I as C and

C’+ have larger abundances in the interior of the clouds and pcrlncate  t}lc  W11OIC cloud. ‘]’hc

fractional abundance of C in the cclltcr i]] ])articu]ar increases by 3 orders of ]nagnitucle

WI]C]I 1{ illcrcascs from O to 1023 c7n2 s- ] , and increases by allothcr  order of magrlitudc  for

1{ =“ 1 024 
0?22s-] . Hut even with very strong  turbulcncc,  the fractional abundance of C+

has a very significant radial gradicl]t  Lccause  of its sensitivity to the UV radiation field.

As column density (not the voluInc  dcl]sity)  is usually the directly observable p}lysica]

quantity, wc have also calculated the steady-state colunlll  densities for some kcy s~)ccics

as a function of offset from cloucl  center. Figure  3 presents the calculations as fractional

colu?nl) densities relative to CO. ‘1’llc cflccts  of turbulent  diffusion  arc obvious. ‘1’able 3
])rcscllts  a colnparison  of the fractional abul~dallccs  calculated towards tllc cloud ccntcr for

so]nc  si~nple carbon-bcaril]g  and oxygen-lwaring spcc.ics  prcdictcd  by our mode] and  those
obscrvccl  ill a few ]nolccu]ar  clouds, It is uscfu]  to ])oillt out that t})c C/CO ratio ill terms



‘j’a,blc  3: Colnparison  of Model licsu]ts with Obscrvaticms
= .——  —.— .- --. —

Smxics O~scrvcd  N(.X) /N(ll~ ) Mode] N-~”X~\~(llz  ) at Steady state
I

.  .  .  ..—
. ,,. —/

‘l’MC] “- ” - ‘ “ ‘ “ -

c o ” 8(-5)””

c / c o >0.1
()+

c:~ 5(-8)

c}] 2(-8)

c?]] 5(-8)
02
011 3(-7)

ll~o < 1 ( - 5 )

II CO+ 8(-9)

ll~co 2(-8)-.

ref.

IG}l

SKI,]’]{

IGll

IGl]

IGI1

IGII

I,G

1(211

IGII

I,134N

8(-5)”

>0,1

ref.

IGil

1’11

I (-8)

< 5(–8)
< 1(--5)

7(-8)

8(-9)
2(-8)

IGll

lG1l
1’I,C

IGll

1(;11

ICI]--

1{=0
9:0(-5)

0.02
7.5(-6)
2.0(-8)
6.6(-8)
9.4(-9)
6.5(-6)
7.1(-8)
2.3(-7)
2.9(-9)
7.3(-9).,

K =- 1022

9.0(-5)”
0.02

7.8(-6)
2.6(-8)
7.5(-8)
1 .3(-8)
3.4(-6)

6.3(-8)

1 .8(-7)

2.5(-9)

1 .3(-8)

K  == 1023
8.3(-5)

0.09
9,2(-(i)

7.8(-8)
1.2(-7)
3.5(-8)
6.4(-7)
4,6(-8)
4.9(-8)
1.1(-9)
2.7(-8).-

1{ = 1024
4.4(-5)

O.g

1.4(-5)

5.1(-7)

2,4(-7)

1 .3(-7)
2.8(-8)

1.2(-8)

1 .0(-9)
4.1(-11)
6.2(-9)

-. —.. . . . . . . ..— —— .—

Note. - IGII, Irvine, Goldsmit}l  & IIjalrllarson  (1987); I,G, IJangcr & Gracdcl  (1989); I’ll, ]’hillir)s
& IIuggins  (1981); l’1,~, l’agani, ],angcr  & Castcts  1993  t}ie  de t ec t ion  i s  tc~ltative  and tllc atjullclance
estimate is highly uncertain; SK1,l’1/, Schilkc et al (1 994)
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of colulnn density does  not seem to bc chal)gcd  by diffusion as ]nucll as that  ill terms of

dcllsity bccausc of the contribution of the C abundance irl outer layers of the cloud, which

is not very sensitive to diffusion. III f ac t ,  tllc  N O N  i s  a s  IIigll as w 0 . 0 2  w i t h o u t

diflusion,  IIot as terrible a discrepancy fro]n  the obscrvcc] value of w 0.1 as some  authors

claimed based on modeled values for n(C)/7t(C0).  ‘1’his  point was noticed and discussed

by Viala (1 986), IIowcvcr , it is collccivablc  that a lnorc  massive cloud with a dcllscr  core

and a larger  column density will have a muc]) s]llallcr  N(C)/N(CO) ill the ]Io-diffusion

case, and the discrepancy between the model results without  diffusion and the obscrvatiol]s

will be c.orrcspondi  ngl y larger.

in general, turbulent diffusion makes significant chang;es  to the radial distributions

in tllc s t eady- s t a t e . 1~’or K w 1023 C?712 s- 1, tl)c steady-state value of N 0.1 for the

N(C)/N(CO)  ratio is consistent with observations for a variety of molecular clouds (cf.

l’hilli~n  & IIuggil]s  1981; Kccnc ct al 1985; Sc})ilkc ct al 1994). A C/CO ratio C 1 OSC t o

1 is c)btaincd  for stronger turbulcllcc,  say 1{ = 1024 cm2 s-1 . ‘]’hc radial profiles of C

and C+ arc modified significantly by diffusiol] and they appear to l]avc relatively large

abundances even in the interior of the C1O U C1. ‘J’hc “steady-state” abundances for ot}~cr

ilrlportant  cllcrnical  species,  including C2, Cl], C211, 01] and 112C0,  prcdictcd by our

mode] for 1{ ~ 1023 CrrL2 s-l arc in overall agrccmcllt  with observations, as showII by ‘1’a}jlc

3. l’or most spccics, the al>u?ldal]ces illcrcasc or dccrcasc monotonically with increasing 1{

within the range  tested, but an cxceptiol]  occurs for 112C0,  WIIOSC  at)unda.rlc.e  first illcrcascs

witl]  increasing K, and then starts to dcc.rcasc  at a A’ value above w 1023 cnz2 s--l. ‘1’hc

l)rcdictcd  ahundanccs  for both 1120 and 02 for the no-diffusion case arc below the upper

li]nits cstablishccl  by most obscrvatio]ls  of hotter and  lnorc ~nassivc clouds (cf. Combcs ct

al. 1991; l’hillips,  van ])ishocck &, Kccnc 1992), and further decrease lnonotonically  with

increasing 1{. Oxygen has also bccl] scarchcd for via the 160180  isotope in dark clouds

(1’ucntc  et al. 1993; Pagani,  ],angcr  & Castcts 1993)  similar to the cloud modeled here.

1]1 o]lly OIIC source, I,134N,  is there a tc~ltativc  dctcctioll  at about the 30 ICVCI (} ’agani  ct

al. 1993) and th~ 02/C0 ratio is cstilnatcd  to be N 0.1 (1’agani,  l,al)gcr  & Castcts 1 9 9 4 ) .

()]I face value, it is consistent only with a weak diffusion case. ‘l’he tentative I]ature of

the detection and t}lc  uncertainties in csti]nating  its abundance, however, preclude rnakillg

any strong conclusions at this time. in all other dark clouds only upper limits for Oz/CO

IIavc kc]] establ ished;  ICSS tha~l 0.1 to 0.2 for 1{5 and ‘I)MC2,  for cxalnple.  ‘1’hcsc  lilnits

arc consistc]lt  with our models with A’ > 0 but are not goocl  to bc enough to h used for

ally detailed conlpariso~l,  ]{ w 1023 
C Tn 2 s- ] leads  to abu~ldances  in good agreement with

observations for 112C0,  C2 and C2}1. ‘1’hc prcdictcd  abundances for 011  with 1{ froln  O to

1024 cm2 s-1 and for )ICO+ wit]] 1{ from O to 1023 cm2 S-l agree with the observations

within an order of magnitude, while  1{ =. 1024 cm2 s- ‘ leads to far too low an abundance for
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llCOi  . ‘1’hc llCO+ abundance is particularly sensitive to the clcc.tron  abulldarlcc,  roughly

as X( C)–2,  bccausc  its destruction by rccolnbil)atioll  and  productioll  by rcactiolls  with II:

are smlsitivc  to the e l e c t r o n  abulldallcc.  l“or K : 0 the IIlctal  abullda])cc  coIItrols  tl)c

ionization balance in the inncrmosi-  laym as ]nost  of tllc  iol)s arc il] the forln  of A4g+ , J’c+

etc. A s]nallcr  gas-phase Inctal abunda]]cc  (i.e., a larger dcq)lction)  will increase tllc electron

abundance, which will illcrcasc tllc  prcdictcd  abulldal)cc for llCO+ and  slightly dccrcmc

the C/CO ratio as WC]]. IIowcvcr, with larger A’ 11’ and C’ LCCOIIIC Inorc  ilnporta~)t  for

the ionization balance in the illtcrioro

Finally, wc have carried out all invmtigatiorl  to scm IIow sensitive the diffusion chclnica]

lnodcl is to the initial  chemical abundances and how it responds to sucldcn changes of the

dynalnica,l  state (e.g. changes in turbulcncc)  ul)dcr  the same set of gas-pl)asc  elclncnta]

abundant.cs. We first allowed the chanistry  to evolve without diffusion  until  it attaillcd
s t e a d y  state, and t}lcn wc turned  o]] difiusioll. ‘l’he chc]]listry  adjusted itself to acllicvc

tllc same steady state within  the salnc tirnc-scale as it would have IIad startirlg from

IIo]l-lnolccular  initial conditions with the sa]nc  diflusioll  coefficient K, We thcll  turllcd  off
the diffusion, and then t}~e chemistry rccovcmd  to the salne steady state that it a.chicved

whc]) starting from purely  atomic. initial  collditions  without difTusioll.  We have also

tried to cha})gc the diffusion cocfficicllt  before tlic majority of t}lc  cllmnical  spccics  attain

stcmdy-state  abundances. All the tests S}1OW that the steady-state gas-phase abundances

are IIot sensitive to the initial physical conclitiol]s. As loIlg as the gas-pl]asc  clmncntal

abullclanccs  stay the same, the chemistry adjusts itself within a ccrtaill time to ac}iicvc

a unique chemical steady state. ‘1’hc tilncscalc  of the adjustlncnt  is dctcrlni)lcd  by the

tmninal  dy~lalnical  s tate . !i’llc  chcmica]  timcscale  is largest wlicr]  the diflusior] is tur]lcc]

off (1{ = O). ‘1’he above tests, albeit naive in maintailiing  the same cloud structure while

changing tllc turbulent state of the cloud, imply that the otmrvcd  cl)cunistry  lnight  to

so]nc  dcgrcw reflect the dynamical state of a cloud, or vise versa, sil)cc the timcsc.alc  for

adjustmm]t  is typically shorter t}lan tllc lifc(,i]ncs of molecular clouds. Of course, the real
situation could be ]nuch  more complicated than this. It is conceivable that when  OIIC or

Inorc  you])g  stellar objects clncrgc  ill a cloud which is ill a quasi-static state o]] a global

scale, stellar winds may change the turbulcllt  state of tllc  cloud. If the cloud quickly adjusts

its dynamical state and stays in the same dyl]alnical  state over a timcscalc  longer  than

the c]lcmistry  timcsca]c,  then the cloud  call be approximated as “quasi-static” at)d the

cl]cnnistry  will have enough time to attain its steady state. If t}lc dynamical response time

of the cloud is longer than the. chclnistry  tilncscalc,  tl]crl  tllc  cloud cal]not  be modeled as

“quasi-static” for chemical studies, and the chtilnistry  Inay  ]Icvcr aclicvc  its steady state.

‘1’l)is  latter situation is similar to what is col)sidcred  by t})c stellar wind crosiol) chclnical

J noclc]s  an cl free-fall COII apse chcmica]  mockds.
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3.2. Why Iliffusion  Modifies the Chemistry

‘1’hc behavior of the chemistry discussed above, i.e. , sensitivity to the cliffusion

cocffic.  icnt, can be understood in tcmns  of c]cctron abulldancc  c}lallgcs,  which arc

dctcrmincd  by several main factors including the coslnic  ray  illtcllsity,  the radiatioll  field,

lncta] abundances, and in particular the turbulent diffusio]]  tcrln. ‘1’hc clcctroll  abu]ldallcc

is rcflcctcd through the rc]ativc  ilnportal)cc  of several ions, such as 11+ , IIc+ , II; and C’

as W C]] as metal ions. in dcmsc UV-shielded i~lteriors  of clouds, ions arc Inain]y  produced

by the iol]ization  of ]nolccular  hydrogen and  subsequent charge transfer froln  hydrogen

ions (11+ and 11~ ) to other spccics. Althoug]]  the ioI) production rate by this coslnic  ray

ionization is indcpcndcnt  of the density, tllc rate that they rccolnbinc  is scllsitivc  to tlic

elcctroll density. ‘1’hc c]cctron abundarlcc  usually dccrcascs wit]!  increasing dc~lsity, but

cliflusio]l  call play a major role in changing the clcctro]l  abundance ill the interior of clouds

by transporting in clcctrolls  and ions from outer layers.

‘I)hC results for the non-diffusion case (1{ == O) corrcspol]d  very WCII to those  produced

by previous models of time-dcpcndcnt chemistry with static cloud structure. ‘1’hc behavior

wit}l  respect to the radiation field and ionization has  bccII discussed ill detail by a nulnbcr  of

authors and here wc only touch on the kcy points. 111 the radiatioI1-(loll]i])atc(l  outer regions

of the cloud, the carbon ions initiate the carbo]l  chemistry through the radiative association

reaction,  C’ +- .112 –-~ Cll~ -t hv, and the ionizatio]l  is sustained rnain]y  by the Uv radiation

f ield,  Oxygen-based molcculcs  (e.g., 011,  02  and 1120) can bc forlncd from 0+ rcactillg

with 112 but t}lc  0+ is  produced mainly by cllargc  cxcha]]gc  with 11+ (as tllc  rcactioll is

endothermic,  it occurs mainly in warln gas with 7’ > 40 K, w}lich  is not co]lsidcrcd  by tllc

lnodc]  prcscntcd  in this paper). ‘1’hc bala.ncc  bctwccn atolnic  and ]nolccular  forln  is mainly

a competition bctwccn  production by these ioll-ncutra]  reactions and photodcstruction  by

the radiation field. IIowevcr,  in the abscllcc  of ally other chcxnical  lncchanisms  these trace

molccu]cs do not- survive in the deep UV-shielded cold interior, bccausc  the proc]uctioll

Incchanisms  shut down while cosmic ray-produced hcliu~ll  ions sustain destruction.

in the UV-shielded interior of a cloud it is tllc buildup of the II: ion and the subscqucllt

production of molecular ions (e.g., 011~  and CI1+ ) that  is rcsponsib]c  for the formation

of mo]cculcs and an active carbo]]  allcl oxygcII gas-pl]ase  chemistry through proton  atioIl

rcactiolls. ‘l)hc molecules, nevcrthc]css,  arc subject to destruction by ions such as C+ , }1+

and IIc+ etc. ‘]’hc C+ rccyclc 02 and 1120 into carbon compounds (c,g., }] CO+ and CO).

Cllargc tra]lsfcr  reactio~ls  w i t h  IIi tcl]d  to bc ]l~orc dolllillant  than w i t h  I]c+  ill rclnovillg

02  and 1120 partly because of the larger abulldmlc.c  of 11+ alld larger reaction rate. IIut

IIc+ is essential in keeping carbon from Lcing  all ]ockcd  UII in CO and keeping the carbo]l

cllclnistry  alive (I,angcr  1976;  Gracdcl, l,allgcr & h’rcrking 1982). It is t}lc  balallcc bctwccn
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tlIcsc  production and dcxtruction  mechanisms that dctmnines  tl]c:  cllcInistry.  ‘J’lIc bala?]cc

depends to first order 011 the electron abullda.]]cc  ]nain]y  through the sensitivity of 11~” ion

abundance to electron rccombi]lation,  ‘1’hc bala]lcc  is indirectly sensitive to the cosmic ray

io]]ization  rate t}]rough  its influcI]cc  on tlIc electron a.bu]ldallcc. ‘1’ypical]y the fractional

abunc]ancc  of c]cctrons  must be Mow a ccrtai~l value, x(c) N 10-6, to have a complctc

co~lvcrsion of oxygen and carbon  into molecular form in the shic]dcd  illt,eriors.

‘1’his  sensitivity of chemistry to the clcc.troll abundance in the intmior  of a cloud leads

to two different cquilibrjum  phases or regimes, depending on the physjca]  conditions. ‘1’hc

chemistry switcllcs non-linearly aTld quasi-discontinuously frc)ln one phase to the other due

to the nature of the coupling bctwccn electron, ion and molecular abundauccs.  ‘]’hc two

phases and the swjtch-over between these two phases as a result of dcnsjty  cha]lge  can bc
seen clearly in the figures of Gracdc] et al. (1 982) where the oxygcll  chemistry chal]gcs

suddcTl]y within a small  density range. ‘]’hc cxistcncc  and ilnportancc  of these two phases

have: rcccntly been emphasized and further demonstrated by l’incau dcs lror6ts,  ILoucff  &

l’lower (1 992) and l“lowcr ct al (] 994).  I,c IIour]ot  ct al (1 993) found that the transjtjon

zone bctwccn  the two phases (which t}lcy called IIigh and low jonizaticn)  phases or 1111) and

1,11’, rcspcctjvc]y)  is bistablc  wjthjn  a rclatjvcly  slnall  range of physical conditions. ‘1’lIc

two phases alld  tllc phase transition can bc understood qualitatively in tcrlns of relative

jTn~)orta~~cc of 11+ and II: . Suppose now at a high density the chemistry is lnaintaillcd

at 1,11’ phase wjth abundant  saturated Inolcculcs  SUCII as 1120 and 02  CIUC to the large

abundarlcc  of ]]: . III this phase,  the abundat]ccs  of C’ arid C ato]ns will hc sInall  bccausc

C+ is rc]novcd  by 1120 and 02, When the density drops, the fractional abundaJ]c.cs  of 11+

and c]cctrons  rise, followed by a reductioIl  of the ]]:” abundance. ‘1’hc reduction of II: wjll

thcII  cause a dccrcasc  jn the production of 1120 and 02, which arc the principal re~novcrs

of 11+ and ]{c+ . q’bus, high abundaIlccs  of 1]+ ancl ]]e+  will bc achieved, and tllcrc will

bc less 1]20  and 02 and subsequently more C and C+. l’i]lcau  dcs I’ords,  lioucff  & Flower

(1 992) conc]udcd  that the quasj-discol]tilmous  transition)] occurs when }1$ is as rapidly

removed by its recombination with c- as by its ~jrotonation  with ncutra]s  SUC]) as CO and

o .

‘1’hc two phases and the quasi-discontinuous p}]a.sc tra]lsition  seem to appear also

in our non-diffusion case (K =: O) as seen in radial profiles showII  irl Figure 2. ‘] ’he

)najority  of tllc spccics  undergo a suddc]l  cl]al]gc at R w 7 x 1017 c?n, corresponding to a

density of n(llz)  N 4 x 103 c m -3, which is close to tlIc value  2.75 x 10 3 c m-3 r epor ted  by
l’incau  dcs For6ts,  ILoucff  & Flower (1992). III fact, a similar mcc}lanism  may explain the

quasj-discontinuous  change in chc]nical  abundance in tlic  time evolution of the chcInistry

(SCC l~igurc  1 ) just before attaining the stca,dy-state. I’inally,  it is noteworthy that a

second phase jump occurs at an outer radius (lt w 2.5 x 1018 cm), which separates the
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ra(liatioll-dolllillatcd  chclnistry  and the regular dcllsc  cloud cliclnistry,  as seen in )nally

IJrcvious  stuclics  of  plloto-dissoc.iatiol]  rcgiolls (cf. l,allgcr 1976; Viala 1986; JIollcnibacll,

‘1’akahashi  & ‘1’iclcns  199]) .

With tl]c  above understanding about  tllc  sensitivity of tllc  chclnistry  to the clcctrml
abulidallcc  and the cxistc]lcc of the two phases in the dense cloud cllcmistry,  it is now

possib]c  to ulldcrstand  qualitatively the results of tbc difrusion  cl]cnnistry  (A’ > O). ‘1’hc

diflusio)]  tcmn  transports material radially ill tllc  cloud, depclldi]g  on the fractional

abullda]lcc  gradient. As can bc seen in the rcsu]ts for 1{ >0 there is a I]ct tra]lsport  of

C+, 11+ , IIc+ and other ions  from the outer layers to the illncr  layers of the cloud. ‘J’his

tra~}spori  results in an incrcasc  ill the clcc.troll abundance in the interior and at solnc  critical

point the high ionizatioll  phase discussed by I,c IIour]ot  ct al. (1 993) is attained throughout

the UV-shielded illtmrior of the cloud. II) this case the higher abundal]ccs  of clcctrolls and

ions such as 1)+ a]ld llc+ suppress the abulldallc.es  of 11~ , 1120, 02 and CVCI1 CO, a n d

cn]]anccs  the abundances of C, C“i, Cl]i alld other carbon-bearing spccics,  ‘IIIJC stronger

the diffusive transport, the more carbon and cartml]-bearing species, and the ICSS llz O

al]d 02  will bc gcncratcd  in the interior of the cloud. Although the c}lclnistry  i?} the outer

])boto-dissociation  region is ICSS affcctcd by tllc  difrusivc  tral]sport,  the quasi-discontinuous

char]gcs  of the chemical abundances  across the cloud arc cflcctively  s]ncarcd  out by tllc

diflusio]l.

3.3. ‘1’ime  Scales

As mclltioncd  ill the introduction, OI]C of t]lc  crit,icjslns  t]lat Williams & ]Iartquist

(1 984; 1991) made of t}]c turbulent ~nixillg  concept was based on the consideration t}lat

t}]c csti~na.tcd  transport tilnc-scale over  a cloud is 1{2/1,~,  which is far larger tllal) ty~)ic.al

chclnica] tilnc  scales of collccml. ‘J’hcsc  authors were correct in that the time scale for

difrusioll  is not ~ #;, where N is tllc radius of the cloud. IIowcvcr, tl}c  turbulent tra]lsport

ti]nc-sca]c  T ~ 112/1{ (SCC Section 2.1) dcpc]lds  o]} the colnposition  gradic~lt  of a specific

tracer, which depends on the density scale heig}its of both the conccrncd  spccics  and 112.

It is inlportaht  to realize the importar)cc  of both dcllsity  scale hcig}lts,  IIi and 11112. l’or

example, it is not unusual for a spccicx  to IIavc a roughly constant  fractional abulldallcc

witllill  a certain range of radius i]) the cloud, as cal~ bc SCCII  froln  the solid curves it] Figure 2.

II) this case wc should expect little diffusion. Yet since tllc second term 1 /ll}Iz ill Equatioll

(3) is never zero in the adopted cloud ,nodcl,  the first ter]n must be nearly as large within

the radius rallgc  in orcicr to cancel tllc  scco]ld  tcrln. 11] general, the difl’usion  titncscalc
at a positio~l can  bc rather coInp]cx CVCII  if 1{ is assulncd col]stant  throug]]out  the  c loud ,

as call be SCCI) fro]n  l;quations  (2) and (3). ‘1’lic t ransport  hccolncs spccics-illdc~)clldc])t
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m]ly when  IIi bccomcs infinitely large, but even i~l this case the transport tifncscalc  is still

]Jositiol]  dependent, a]ld may JIOt  bc redated to the tilne constant }?2/]{ in any rigorous

lna]lllcr on the scale of the cloud.  ‘1’hat  is to say that the diffusiol) can Ilot be understood

as lncrc,ly  a ~nixing bctwccII L}IC bouI]dary  layer and i,hc cmltcr  of the C 1 O U CI, altlloug]l  tllc

C])elnica]  diflcrcncc  is usUa]]y the ]aJ’gcst between the Very cclltcr’  and t]lc boundary of
the cloud, lmagil)c  that t})c cloud consists of lnany zones of ~]oticcably  diffcrcrlt  chemical

co]npositio~ls  and physical conditions at a particular time. ‘1’llc diffusive transport bctwccn

two neighboring zones will occur if there exists a c.oln{)ositio])  gracticl)t  betwecxl the two

zones. As long as the transport timcscalc bctwcmi  two such neighboring zortcs is colnparablc

to or sllortcr  tha,n the time-scale of t}lc  cl]c]nistry,  t}lc chclllistry  will bc closely coupled to

the diffusion proccsscs,  cspccial]y when the chc~nistry  is sc~lsitivc to small chal]gcs  of soInc

kcy spccics as discussed earlier in this paper.

‘1’lm approach to cornparc  ttle difiusion  and tirnc scales  may bc a valid idea, but iJl

reality hot]] tilnc  scales arc highly spcxics  as well as position dcpcndcnt,  and all adequate

c.onlparisoll  of the two timcscalm requires a detailed  nulncrica]  solution to IOquation (5).
WC conclude that tlw diffusion cocfllcicllt  K should bc takcjl as the basic paralnctcr  to

cllaractcrizc t}]c diffusion. ‘J’lw tilnc  c.onstallt  “-1{2/K” s}lould bc illtcrprcicd  w i t h  cautiol)

as an upper  limit for the real diffusiol~ timcscalc. “J’his  point  call hc SCCJ1 from the jnodcli]lg

calculatiol)s  prcscxltecl in Figure 1. Most species apln-each steady stalm in a til~lc interval of
w 1 OG yc:ars, WIIICJI c an  be rougl]ly  rwgardcd  as tllc c.lle]nlcal  tlmcsca]c  TC~cT,L. ‘J’llis chemical

timmcalc  is comparable or cvmi slnallcr  thal~ the tilnc constant R2/K == 3 x 106 years for

tllc modeled cloud. Yet the diffusion drastically modifies the chemical abundances and

radial distributions of many important spccics,  as shown  in l’igurc 2.

4. I) ISCUSSJON

4.1. Applicabil i ty of  the Chemical l)iffusion  M o d e l

IIltcrstcllar  chclnistry  is based on the assulll~ltioll  that Inolccula.r  clouds originate

fro]n  l]cutra] clouds whose gas is initially in atolnic forln. “1’lIus,  the applicability of the

tilnc-c]cpc]ldcu]t  chcmica]  lnodcling  to obscrvatio]ls  dcpmlds  011 the dyllanlic.al  evolution and

ages of ~nolccu]ar  CIOUCIS. Although the agc for Inolcc.ular  clouds  is still a rather controvcrsia]

issue (cf. IIlitz &, Shu 1980; Scovi]lc  &, Sal~dcrs 1987; I<wali 1988; ltlmcgrccn,  1991), i,hc

lower li]nit for the age of many clouds scmns  to bc on the order of 107 years, based on the

a.gcs of Iow-mais  stars which arc still ctnbcddccl  ill lnolecular  C1O U CIS. ‘1’his  agc is comparable

to or larger than the time that it takes for the clic~~]istry to reach steady stak under typical
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fixccl  physical conditions (e.g. density and tcmpmaturc),  as ]ncntiollcd  in t}]c l]ltrocluction.
‘J’]Ius from this argument a]ollc,  the ‘(slmady-stat,c”  abulldaI1ccx  appear Inorc  rc!]cvant to the

observations of the molecular clouds.

Our approach i~l this article dots not cxplicit]y  include star forming proccsscs, but

the assu]nption  of dynamical mixing is not scmsitivc to the exact origin a]ld nature of

tllc turbulence (Chi?zc & l)incau dcs 1~or6ts  1989,  1990;  Cllibzc,  })i~lcau  dcs }~or6ts &,

IIcrbst  1991). ‘1’hc turlmlcncc  can bc a rcsu]t of stellar winds, diffcrcntia]  cloud rotation,

~])agllctic  waves, slow gravitational contraction, thcmna]  instabilities or Kolmogorov  eddy

cascades (cf. l)ickman 1985; Scalo  1987; Myers 1987). If the impact from young stellar

objects 0]1 molccu]ar  clouds is limited to the gmlcration  of turbulence to the zcroth  order

(Norman & Silk 1980; Silk ] 989), tl)c]] tllc  turtmlmlt  diffusion )nodc] Inay  also k applicab]c

scl]li-(l~la~ltitativcly  to low-lnass  star forming dense clouds as a whole. ‘1’hc fact t}lat ]Ilost

lnolccu]ar  clouds as a whole arc supported a~ld roughly virialized with internal turbulent

JI)otion (I,arson  1981; Shu, Adalns  and l,izano 1987; Silk 1989)  scclns  to lcl)d strong  support

to the quasi-static assum])tion. Of course, this assulnptiol)  is lnore qucstiollablc  ill t}lc

local  ncighhorl]ood  of youI]g  stellar objects, where the special dynalnica]  cflccts  duc to star

forlnatio]l  may bc dominant (Muncly,  Woottcm  ~; Wilking 1990; }Icrbst 1990; lllakc, val)

JIishocck  & Sargcmt  1992).

Our work prcscnicd i]) L}lis ~mper dots not co~lsidcr gas-dust interactions (dc})lctio~l  and

dcsorption  processes in particular) which caTl km very important, depending on the physical

conditions in the cloud (cf. Caselli, IIascgawa &. IImbst 1993; lkx-gi~l,  l,angcr  &, Golclsmitll

1994).  ‘J’his  silnplification  is desired i!l t}lis  invcstig;atioll  for the sake  of concclltratillg  011

the effects of turbulence in the gas-phase ioll-llcutral  reaction schclnc.  Yet, it is curious

what will lm the effects of grains (small grains such as PAIIs in particular) on the cllmnical

cliffusioll  model (l). IIollcnbach,  private colnlnullication  ). We hope that detailed approaches

to this issue will consist our next paper oll tl]is subject.

III gcllcral,  ~lthough  the model prcsmltcd in this paper is oven-silnp]ificd in several

aspects, tl~c problems that wc attempted to address arc relatively WCI1 defined within  tile

tilnc-dcpcnldcnt  gas-phase c}]clnistry  rcgirnc  wit]) static cloud structure, and  sonic  of t}le

dyllalnical  effects of low-mass star forlnatiol]  lnight  be ilnplicitly  i]lcluded  in the trcat]nmlt

of turbulent diffusion. 1~’urthcr, given  the cvidcncc  that t}lc lnajority  of molccu]ar  clouds

arc in apparcxlt virial equilibrium as a w})ole, despite star forlnatioll  on smaller scales, the

chclnica] modeling prmclltcd in this paper lna.y still bc rclcvallt  to molecular CIOUCIS with

low-)nass  star formation]. l’or turbulent dark clouds such as ‘l’MC-l and 1,134N where n o

sig]lificant, star forlnatio~~  is known to have oc.currcd  and there is no cvidc]lcc  for rapid

global  gravitational collapse, our Inodcl  sccxns to bc particularly relevant. 11’i?lally,  it is



conceivab]c that  the significantly cllllanccd  abundances for C and  C’ will lead to cllhal]ccd

abundances for complex organic Inolcculcs  as discussed by Chibze,  l)incau dcs F’ort% &

IIcrbst  (1 991). WC defer our trcatmc~]t of tl]is problmn  to a future paper.

4.2. Some Implicat ions of  the Model

As discussed in the previous section, the kcy reason why the diffusion  modifies

tlm  chemistry in the interior of the cloud is the change in electron abundance and ion

abundances.  ‘.l’his  can bc understood in that the ioll-ncutra] rcactioll SC1lCITIC  is the basic

rcasol[  why molecules arc abundant in the low tcmpcraturc  il)tcriors  of dense molecular

clouds. Most of the models proposed to explain the large abundance of atomic carbon, as

sulnlnarized  in the introduction, arc rc]atcd  Inorc  c)r ICSS to the abul]danccs  of electrons and

ions.  In comparison to the models where ionization or dissoc.iatioll  by external UV photons

or by cosmic ray-induced UV photons, diffusion supplies iol]s and electrons to the chemistry .
ill the sl]icldcd  interior  by shifting what is available from outer layers instead of producillg

tl]c]n  locally. In other words, instead of the I)cnctratiorl of UV radiation (cf. IIoiss?  1990

and ‘J’aubcr & Goldsmith 1990) and cos]nic’rays  (1’rasad  & ‘1’arafdar  1983), in our prcsc]]t

model tllc ions and other spccics  diffuse in. Yet, t hcrw arc lna jor d iffcrcnccs.  onc differcn  cc

is that regions }laving different physical collditiolls  arc now coupled c}lclnically  in this

diffusio]) model. The second is that the prcdickd  radial ~)rofilcs  of the abundances for most
spccics under diffusive conditions arc muc}l slnoothcr. ‘J’his is particularly true for C and

CO, w}iosc fractional abundances arc mostly uniform across the cloud cxccpt  at the very
surface. ‘J’hus in this sense, both C() aI]d C could bc rcliab]c  tracers of the column dcIlsitics

under the common-used assumption of constant fractional abundances across the cloud. A

carefully designed obscrvatiodal  study of the radial profiles of some sclcc.tcd spccics  may

provide uscfu]  tests of the diffusion model proposed in this paper.

As our modd  results have  shown, tllc C/CO ratio is dcpcndcmt  on the strcIlgth  of the

turbulence. ‘1’bus, one prediction of our Inodc] is that C/CO ratio in diflcrcnt  Inolccular

clouds may to soIne  dcgrcc be correlated wit]] the li~lcwidths  of gas tracers. If the turbulence

is related to the stellar winds or bipolar outflows, then a correlation trend of the a,vcragc

CO/CO ratio with the mechanical lumi~]osity  lnay bc cxpcctcd  too. Unfortunately, the

coin Tnonly observed ]incs for C and CO arc all optically thick,  ayld the large ullccrtaintics

ill the dctcrlnination  of their column densities (cf. \Valkcr  et al 1993; Choi ct al 1994)
prcc]uclc  such a study at present. nut since tllc  sa.mc trclld should also bc true for otlicr

sirnl)]c  carbon-bearing spccics, careful selection of optically thin lillcs from organic spccics

may bc hclpfu].  l,ikcwisc, an anti-c  orrclatiol~  may be cxpcctcd  for the abundances of 0 2

ar]d 1120 with the strcngtll  of turbulence.
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5. SLJMMAIKY

\Vc studied turbulent dift’usion and its cflccts  on the c}lmnical  Inodcling  of lnolccu]ar

clouds, and argued that diffusive fluctuations ill the gas composition arc a natural
collscqucIlcc! of turbulence. Wc estimated the IIlag]litudc  of the cliflusion cocfflcicnt  in

molecular clouds in the context of the l)l]cl~ol)lcllological  nlixing-length t}lcory, and illcludcd

a difrusion  transport term in the continuity cquatio~ls  of the chclnistry  network a]ld
investigated the effects of diflusiol~  on the chclnistry  by collsidcring  a dcl]sc  cloud wl]ich has

fixed profiles of density and tclnpcraturc  and is subject externally to tllc average intcrstc]lar

radiation field.

Our calculations have shown that diffusion proccsscs  significantly modify the “steady -

statc” abundances and radial profiles of so]nc  ilnportant  spccics  i]] the framework of the

cx)~I]lnollly-used time-dcpcndcnt chemistry with static cloud structure. Very notab]c  arc the

prcdictcd  ‘~tcady-state” abundances of C, 02  and 1120 in the interior of the dc~]sc  cloud

ulldcr  diffusive conditions, which arc in better agrccmcnt with observations than those

previously obtained. Wc thus suggest that, with the illc]usion  of diffusion proccsscs  which

arc cxpcctcd  to accompany the turbulence observed in lnolccular  clouds, the widely-used

tilnc-dcpcndcnt  chemistry networks can satisfactorily account for some of the problc]ns
cncountcrcd  in ~Jrcvious  thcorctica]  ]nodc]s  of the interstellar chemistry.
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Figure  Captions

1~’igurc  1. ‘1’hc time evolution of the chemistry at the g;rid point with Au : 9 mug
a]ld ?l(]~z)  =, 3 x ]04 ~T?l–3 ullclcr diffcrcllt  diflusioll  cocfficicnts,  ‘1’he solid curve is for tllc

IIo-diffusion  c.asc, the daslicd curve is for A’ == 102:+  cm2 S–l and t}ic  dot ted curve is  for

K =“ 1024 c?n2 s-”’. M+ denotes t}]c sum of metal ions,  including S+ , A4g+ , Sii alld J’ci .

h’igurc 2. ‘] ’he radial distributio]ls  of the fractional abundances at steady-state (at a
ti]nc larger than N 3 x 106 years ill this ca,sc)  for sornc simple, carbon- ant] oxygen-bcarillg

sl)cc.ics. ‘1’hc solid curve is for tl]c  no-difl’usion  case, the dashed curve is for A’ == 1023 cm2 s-l
2 ‘ ] A4+ denotes the suJn of recta] ions, includingand the dotted curve is for 1{ =: 1024  cm s .

S+ , A4g+ , Si+ and I(’c+ .

l’igurc  3. q’his figure shows t}lc  colulnn  dclisitics  of C, 112C0  and I] CO+ with respect

to the colulpn density of CO as a function of }Josition  across the cloud at steady-state (at a

ti~nc larger than N 3 x 106 years in this c.asc). ‘1’hc solid curve is for the no-diffusion case,
t}ic dasllcd  curve is for 1{ = 1023 cm2 S–l and the dotted curve is for 1{ =- 1024 cm2 s-] .
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